During the last decade, recombinant antibody engineering has emerged as one of the most promising approaches for the design, selection and production of molecules for basic research, medicine and the pharmaceutical industry. This MiniReview describes the major findings that have led to the development of this powerful technique, with an emphasis on the use of Escherichia coli and filamentous phage as a tool allowing powerful selection procedures from large libraries as well as the use of intracellular expression of antibody fragments as a new class of neutralizing molecules with a potential use in therapy. The future of these rapidly evolving technologies is discussed. ß
Introduction
The idea to use antibodies as magic bullets to target toxins or radioisotopes to de¢ned cell types is now 100 years old [1] . A major step toward this goal was made 25 years ago by Kohler and Milstein who developed hybridoma technology, thereby providing a reliable source of monoclonal antibodies (mAbs) of known speci¢city [2] . However, until very recently, there have been few antibody-based products suitable for therapy available. This delay can be largely explained by the fact that mouse antibodies trigger a human anti-mouse antibody response.
In the late 80s, methodologies were developed to produce active antibody fragments in Escherichia coli. A few years later, Greg Winter and colleagues demonstrated that it was possible to select antibody fragments displayed on the surface of ¢lamentous bacteriophage. This pioneering work provided the basis for the development of antibody engineering techniques which have in recent years produced many molecules that have been taken to the clinic. This review focuses on the possibilities o¡ered by these techniques and discusses exciting future applications for recombinant antibodies with a special emphasis on their use as intracellular neutralizing molecules or`intrabodies'.
Engineering of antibody fragments
In 1988, antibody engineering techniques were boosted by the groups of Skerra and Better who demonstrated that active antibody fragments ( Fig. 1 ) could be expressed in E. coli. The smallest such fragment is the Fv fragment, which is obtained by association of the variable domains of the heavy chain (VH) and the light chain (VL) of the antibody [3, 4] . However, the hydrophobic interactions between these two domains are not very strong. Thus engineering of a covalent link between the VH and the VL is necessary to obtain a stable molecule. The most common approach is to use a £exible peptide linker of 15^20 residues to join the two domains. The resulting fragment is called single-chain Fv fragment or scFv [5] . Another approach is to engineer a disul¢de bond at the interface between the VH and the VL [6] . This disul¢de-linked Fv is generally more stable to thermal denaturation in serum than the scFv.
The second fragment currently in use is the Fab fragment, made by the association of the whole light chain and the Fd chain ( Fig. 1) [4] . This fragment possesses several advantages over the scFv fragments : (1) the two chains are naturally covalently associated ; (2) the Fab fragment does not have the ability to dimerize (which can be problematic for a¤nity determination as observed with scFvs, see below) ; (3) the CH1 domain can be used as a tag for detection ; (4) the Fab fragment is usually more stable in the puri¢ed form, and (5) its larger size may be advantageous for in vivo applications, due to a slower blood clearance. However, the Fab fragment requires bicistronic constructs to allow simultaneous expression of the light and Fd chains in E. coli.
In order to recreate the bivalency of full-size immunoglobulin G (IgG) molecules, some authors have fused the CH3 domain to a scFv or Fab fragment. The resulting dimeric molecules called minibodies (Fig. 1) show decreased dissociation rates. The higher molecular weight of the dimers is also more suitable for in vivo targeting [7] .
The genes of scFv and Fab fragments can be easily engineered and this property has been used to humanize murine fragments. This can be achieved either by grafting of murine antigen binding loops onto human antibody framework regions or by replacing surface residues of the murine fragment by their human analogue (for review, see [8] ). It is also possible to confer additional properties to antibody fragments such as avidity, multispeci¢city as well as/and e¡ector function.
Engineering multivalency
The single-chain format is particularly suited for antibody engineering. It is for example possible to fuse, using another peptide linker, two scFvs in tandem to produce a molecule with two binding sites. As for minibodies, such molecules have been demonstrated to have dramatically decreased dissociation rates with cell-bound antigen [9] .
However, peptide linkers are sometimes rather sensitive to proteases. Another more elegant approach to increase the valency of the scFv fragment has been proposed. As mentioned above, the hydrophobic interaction between the VH and VL domains is not very strong. This can lead to dimer formation where the VH of one molecule interacts with the VL of another and vice versa. Consequently, most scFv fragments are found in two forms: monomer and dimer. Holliger and colleagues have exploited this property to create a bivalent scFv fragment [10] . They demonstrated that if the peptide linker is shortened from 15 to ¢ve residues, the VH and VL of the scFv are no longer able to bind to one another. The equilibrium is displaced towards production of scFv dimers also known as diabodies (Fig. 1) . The dissociation rate of the diabody is signi¢cantly lower than that of the parental scFv [9] , and this compact linker-free molecule is thought to be more stable than the tandem scFv. More recently, it has been demonstrated that if the linker is reduced to one residue, the scFvs are preferentially found as tetramers (tetrabodies), whereas no linker at all mainly leads to the formation of trimers (triabodies) (Fig. 1) [9] . However, the ratio of each species is di¤cult to predict and depends on the sequence of each scFv.
Another dimerization technique consists in fusing the fragments to another domain capable of self-association. Minibodies, described above, use the IgG CH3 domain.
Other domains, such as the leucine zipper, have also been used [11] .
Engineering multispeci¢city
Antibody fragments can be engineered to have several speci¢cities. Bispeci¢c antibodies are a desirable tool, but the ¢rst attempts to create such molecules using chemical modi¢cations of mAbs or hybrids of hybridomas were hampered by the requirement of extensive puri¢cation and as a result were rather ine¤cient. Recombinant antibody technology o¡ers several approaches that may be employed for the production of bispeci¢c antibodies. Two scFvs of di¡erent speci¢cities can be linked via a peptide linker in a tandem construction and expressed in E. coli [12] . In this case, only the molecule of interest is produced. However, the diabody approach has been more widely employed. To produce a bispeci¢c diabody, the VH of scFv`a' is fused to VL of scFv`b' via a ¢ve residue linker, similarly VHb is fused to VHa. The coexpression of these two chains forces interaction of VHa with VLa and VHb with VLb, creating a heterodimeric bispeci¢c molecule. Such constructs have produced interesting results in several studies and may play an important role in therapy, for example in T-cell retargeting against tumor cells (for review, see [13] ).
Although not demonstrated yet, this approach could be extended to triabodies and tetrabodies, to generate multispeci¢c molecules of modest molecular weights (Fig. 1 ).
Fusion with other molecules
Other proteins or protein fragments can be fused to antibody fragments to equip them with additional properties. The most studied approach in this ¢eld is the production of immunotoxins (see [14] for an excellent review). These molecules are made by the fusion of a tumor-speci¢c scFv or Fab to a toxin capable of killing the target cell once internalized. Numerous impressive results have been obtained with these molecules and several immunotoxins are currently being tested in clinical trials.
Tumor-speci¢c antibody fragments have also been fused to cytokines. In this case, the molecule, called an immunocytokine, is injected into the patient and accumulates on the tumor cell surface, thereby allowing T-cells in the vicinity of the tumor to be activated (for review, [15] ). The intrinsic tumor binding activity of these scFv-IL-2 fusions allowed the use of low concentrations and produced impressive results, without the side e¡ects normally associated with systemic IL-2 injections.
For biochemical applications, several fusions of antibody fragments with enzymes such as alkaline phosphatase have been created [16] . These reagents are inexpensive and easily produced and do not su¡er from the classical problems presented by chemically labeled reagents such as partial inactivation or heterogeneity. Recently, the activity of the E. coli biotin ligase BirA has been used for the production of biotinylated antibody fragments [17] . The 13 residue sequence recognized by this enzyme was fused with the antibody fragments. Incubation of the puri¢ed fragments with the enzyme allowed addition of a unique biotin to this sequence. The BirA enzyme has also been over-expressed in E. coli to produce in vivo biotinylated antibody fragments [18] . These methods are advantageous over chemical modi¢cations in that the resulting molecules are homogeneous, fully active and can be tetramerized by incubation with streptavidin.
Other C-terminal peptide tags such as hexahistidine tags allowing metal-chromatography-based puri¢cation or peptide tags facilitating detection are widely used and are found in most vectors used for antibody fragment production.
The phage display system
In 1990, MacCa¡erty and colleagues demonstrated in a model experiment that it was possible to use ¢lamentous bacteriophage fd as a tool to select an antibody fragment from a large population of non-binding proteins [19] . This work, based on earlier fundamental ¢ndings concerning peptide phage display by Smith's group [20] , was the basis of the development of the technique that has revolutionized the ¢eld of antibody engineering. The principle consists of expressing a protein, in this case an antibody fragment, on the surface of a phage particle by cloning the gene encoding the antibody fragment into the phage genome, as a fusion with a coat protein. The resulting particle can be a¤nity-puri¢ed on immobilized antigen. After washings and elution, the selected phages are ampli¢ed by infection of E. coli. This cycle can be repeated several times (Fig. 3) . On average, a binder is enriched 10 3^1 0 5 -fold over non-binding clones. This technique can be used to select antibodies from large repertoires [21] . Two types of repertoires have been built. Immunized repertoires where the V genes used to assemble the antibody fragments are taken from a mouse immunized by antigen, and na| «ve`single pot repertoires' where V genes are taken from peripheral blood lymphocytes of non-immunized individuals (for review, [22] ). The main advantage of the ¢rst method is that antibodies selected from immune repertoires are expected to have high a¤nities on the basis that immunization will have induced a large bias toward B-cells speci¢c for the immunogen and having undergone a¤nity maturation. Obviously the main drawback of such repertoires is that a new repertoire is required for each new antigen. In this respect, na| «ve libraries are very convenient since once they are constructed they can then be used almost inde¢nitely against a diverse range of antigens. Most importantly, these libraries can be built using human B-cells, thereby allowing the direct isolation of human antibodies. A major drawback of na| «ve repertoires is that they need to be very large to yield reasonable af¢nities. Typically a na| «ve library of 10 10 clones is expected to yield a¤nities in the 10 38 M range (for review, [22] ). If higher a¤nities are desired, for example in vivo applications, a¤nity maturation techniques can be used (for review, [22] ). Alternatively,`synthetic' libraries have been made using PCR techniques and degenerate primers to introduce diversity at precise locations (typically CDR3s) (reviewed in Hoogenboom and Chames, in press).
The possibility to control the selection process (by depletion, competition) and to obtain fully human high-af¢nity antibodies against any antigen including toxic, conserved or non-immunogenic targets, possibly in an automated fashion, should ultimately set phage display technology to replace hybridoma technology. Antibody engineering also provides the possibility to tailor these binding fragments for diagnostic or targeting purposes as well as for use as`intrabodies', a rapidly growing ¢eld of application of antibody fragments.
The intrabodies

General concept and mode of action
Intracellular antibodies or`intrabodies' represent a new and very promising application of recombinant antibodies. This concept is based on expression of an antibody fragment inside a cell in order to bind and inactivate the protein targeted by this fragment, either by blocking interactions with other proteins, or by diverting the protein from its normal location, thereby preventing its action (reviewed in [23, 24] ). The utilization of well characterized signal sequences allows scFv fragments to be directed to subcellular compartments of mammalian cells (such as endoplasmic reticulum (ER), nucleus, cytoplasm, mitochondria, secretion pathway), where they can neutralize their target. A possible limitation of this approach is the folding of the fragments. Antibodies are normally folded in the reducing environment of the ER where they interact with speci¢c chaperones. However many interesting targets are cytoplasmic proteins. In 1990, Cattaneo's group showed that some antibodies retain their activity when expressed in the cytoplasm of mammalian cells [25] despite the absence of disul¢de bond formation. Nonetheless, many antibody fragments do not function under such conditions. Several solutions to this problem have been proposed, including engineering antibodies to obtain stable disul¢de-free forms [26] , or the use of a stable disul¢de-free non-antibody sca¡old [27] . Alternatively, Visintin and colleagues used the two-hybrid system for direct in vivo selection of antibodies capable of binding antigen under cytoplasmic conditions [28] .
However, an interesting recent study demonstrated that good cytoplasmic folding was not necessarily a prerequisite for e¤cient blocking activity. Indeed, Lener and colleagues showed that a panel of phage-derived single-chain anti-p21ras antibodies were all able to inactivate Ras in vivo, although they were not interfering with the intrinsic GTPase activity and the Raf binding activity of Ras in vitro [29] . Interestingly, these antibodies were aggregating in mammalian cells, suggesting that they could exist in an intermediate folding state that retained speci¢c binding activity allowing sequestration of antigen by`intracellular coaggregation'. This result is of signi¢cance as it demonstrates that non-blocking binders may be used as intrabodies to divert protein tra¤cking.
Application: phenotypic knock-out
The ability to functionally and speci¢cally block an endogenous protein by expressing an antibody against it has two obvious applications. These are the knock-out of a protein to investigate its role in a pathway and the neutralization of oncogenic molecules. The latter approach has been demonstrated with several proteins, including ErB-2, p21ras and p53. Applicability of this concept was ¢rst demonstrated in 1993 with the inhibition of the insulin-induced meiotic maturation of Xenopus laevis oocytes by cytoplasmic expression of a murine anti-p21 scFv [30] . More recently in vivo studies performed using an anti-p21 scFv cDNA inserted into an adenoviral vector have shown that the scFv dramatically a¡ects tumor growth [31] . Similarly, cytoplasmic expression of an anti-p53 scFv led to formation of p53^scFv complexes and restored the p53 mutant de¢cient transcriptional activity [32] . ErB-2 has also proven to be an interesting target for intrabodies. Curiel and colleagues have demonstrated that intracellular antibody against this protein mediates targeted tumor cell eradication by apoptosis [33] . Similarly, Hynes' group reverted ErB-2 transformation by expressing a speci¢c single-chain antibody in the ER to prevent transit of the ErB-2 receptor [34] . These ¢ndings demonstrate that selective oncogene`knock-out' using intracellular antibodies represents a viable novel strategy for anti-cancer gene therapy that potentially o¡ers highly speci¢c, targeted eradication of human tumor cells.
The second major application of phenotypic knock-out is to inactivate a protein to understand its biological role. This approach has mainly been used for the prevention of cell surface expression of speci¢c receptors (reviewed in [23] ). Although in theory an intrabody can interfere at multiple points within the secretory pathway, the ER is the most strategic location for targeting intrabody expression. Antibody fragments are well produced, show high stability and a long half-life in the ER due to the presence of molecular chaperones enabling e¤cient folding and disul¢de bond formation. Also the signal peptide (KDEL) necessary for the retention of the antibody fragment in the ER is well characterized. Finally, the tubular architecture of this organelle maximizes the chance of interaction be-tween a resident antibody and its target. A clear example of this approach was given by Richardson and colleagues who demonstrated complete abrogation of cell surface expression of IL-2RK in stimulated Jurkat cells by intracellular expression of an anti-IL-2RK scFv with a C-terminal ER retention signal, thereby creating a powerful tool for the study of IL-2-mediated signal transduction. Similarly, the activity of epidermal growth factor receptor (EGFR) has been inhibited by directing an anti-EGFR scFv to the secretory pathway [35] . Vanhove and colleagues also used an intrabody to inhibit the activity of K-1,3-galactosyltransferase in pig cells and thus generation of epitopes recognized by human anti-Gal antibodies that take part in later stages of xenograft rejection. This led to more than a 90% reduction in cytotoxicity involving anti-Gal antibodies and complement [36] .
Recently, we have extended the application of intrabodies to the ¢eld of fundamental microbiology, by studying the mode of action of bacterial toxin colicin A (Fig. 2 ) [37] . E. coli was protected from the lethal action of colicin A toxin by periplasmic expression of a scFv directed against the N-terminal region of the colicin A molecule. This allowed us to establish that the N-terminal domain of colicin A is accessible in the periplasm when its central domain is bound at the cell surface and that the C-terminal domain forms the lethal pore in the inner membrane.
Virus resistance by intracellular immunization
One very interesting application of intrabodies is to confer new resistance to cells. This has been demonstrated in plant cells by constitutive expression in transgenic plants of a scFv antibody, directed against the plant icosahedral tombusvirus artichoke mottled crinkle virus, which results in reduction of infection incidence and delay in symptom development [38] .
More importantly, intracellular antibodies have been shown to have a potential use in human gene therapy. Several intrabodies directed against structural, regulatory or enzymatic proteins of HIV-1 have been studied (see [39] for review). Encouraging results have been obtained with an antibody directed against the envelope glycoprotein gp120 and its precursor gp160. Interestingly, production of this antibody as a Fab fragment in the ER blocked processing and incorporation of gp120 into virion particles. In addition, the secreted Fab neutralized cell-free HIV-1 virions, thus exhibiting a dual e¡ect [40] . In a clinical trial, transduction of human lymphocytes with this Fab intrabody gene using adeno-associated virus vector resulted in blocking of infection by several primary isolates [40] . Tat is an essential regulatory protein that activates transcription of viral genes, as well as cellular genes that in turn can result in HIV-1 gene transcription. This protein is thus an interesting target. Amongst several alternative formats studied, it appeared that the cytoplasmic expression of an anti-Tat scFv fused to a constant kappa Ig domain (for multimerization) resulted in the strongest resistance to HIV-1 infection in stably transfected lymphocytes [41] , seemingly by sequestration of Tat in the cytoplasm. Several studies have reported targeting of the regulatory protein Rev. Cytoplasmic anti-Rev intrabodies were able to inhibit transport of Rev to the nucleus, thereby preventing viral mRNA processing and HIV-1 production by the cell. Human lymphocytes transduced with retroviral vectors expressing these intrabodies were resistant to HIV-1 infection [42] . Other HIV-1 proteins that have been chosen as intrabody targets include HIV-1 reverse transcriptase, integrase as well as matrix and nucleocapsid proteins (for review, [39] ). All these studies resulted in signi¢cant inhibition of HIV-1 replication, demonstrating the versatility of intrabodies in their ability to inhibit different stages of the viral life cycle.
More recently, Steinberger and colleagues proposed an alternative approach for intrabody-based HIV therapy. They described an intrabody capable of blocking the expression of the chemokine receptor CCR5, an essential coreceptor required for entry of HIV-1 into macrophages, the ¢rst cells targeted by HIV-1 during infection. Transduced cells were highly refractory to challenge with virus or infected cells [43] . This approach aiming at preventing viral entry may have advantages over strategies targeting later stages of the HIV-1 life cycle.
Clearly intrabodies have great potential for anti-HIV therapy, possibly providing a treatment strategy for the immune reconstitution of infected patients with advanced disease, experiencing recurrence of plasma viremia after an initial response to highly active anti-retroviral therapies [44] . An alternative future application for intrabodies, predicted to be of great signi¢cance, is in the ¢eld of functional genomics. Combined with phage display to rapidly select binders, the phenotypic knock-out may in the near future become an important tool to ascertain the function of the plethora of new proteins that will require characterization.
Conclusion and perspective
Since the development of recombinant antibody technology combined with the power of selection by phage display, exciting results have been obtained in an impressive variety of ¢elds. The selection of speci¢c high-a¤nity human antibody fragments has never appeared so feasible. From these fragments, tailor-made reagents can be constructed by choosing valency, (multi)speci¢cities as well as e¡ector functions. These developments have meant that several antibodies have already been accepted as therapeutic products and hundreds of antibody-based products (representing over 30% of all biological proteins) are currently undergoing clinical trials for diagnosis and therapy (for review, see [45] ). The concept of the magic bullet is beginning to be practically realized. We anticipate that in the future, with the increase in the number and quality of phage antibody libraries, and development of automation, desired speci¢cities will be isolated in matter of days rather than weeks or months. One may also consider functionbased selections as opposed to selections based on binding alone, such as phage antibodies selected for internalization, receptor triggering or catalytic activity. Finally, the ¢eld of functional genomics and the human genome project are producing copious amounts of sequences that need to be characterized. Automated selection of phage antibodies against sequence-predicted peptides followed by expression studies, as well as intracellular antibody approaches should provide valuable information eventually leading to a panel of pharmaceutically useful reagents for use as targeting and/or neutralizing molecules.
